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Several neurodegenerative disorders are characterized by the accumulation of proteinaceous inclu-
sions in the central nervous system. These inclusions are frequently composed of a mixture of aggre-
gation-prone proteins. Here, we used a bimolecular ﬂuorescence complementation assay to study
the initial steps of the co-aggregation of huntingtin (Htt) and a-synuclein (a-syn), two aggrega-
tion-prone proteins involved in Huntington’s disease (HD) and Parkinson’s disease (PD), respec-
tively. We found that Htt (exon 1) oligomerized with a-syn and sequestered it in the cytosol. In
turn, a-syn increased the number of cells displaying aggregates, decreased the number of aggregates
per cell and increased the average size of the aggregates. Our results support the idea that co-aggre-
gation of aggregation-prone proteins can contribute to the histopathology of neurodegenerative
disorders.
Structured summary of protein interactions:
Htt and Htt physically interact by bimolecular ﬂuorescence complementation (View interaction)
alpha-syn and Htt physically interact by bimolecular ﬂuorescence complementation (View interaction)
alpha-syn and alpha-syn physically interact by comigration in non-denaturing gel electrophoresis (View
interaction)
Htt and Htt physically interact by comigration in non-denaturing gel electrophoresis (View interaction)
alpha-syn and Htt colocalize by ﬂuorescence microscopy (View Interaction: 1, 2)
alpha-syn and alpha-syn physically interact by bimolecular ﬂuorescence complementation (View inter-
action)
Htt and alpha-syn physically interact by comigration in non-denaturing gel electrophoresis (View inter-
action)
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The presence of amyloid-like proteinaceous inclusions is the
common histopathological hallmark of a large group of human
diseases known as protein misfolding disorders. Neurodegenera-
tive disorders such as Alzheimer’s (AD), Parkinson’s (PD) or
Huntington’s disease (HD) belong to this group of pathologies.
The speciﬁc location and composition of protein aggregates are
characteristic of each disorder. For example, while PD aggregateschemical Societies. Published by E
n; HD, Huntington’s disease;
FC, bimolecular ﬂuorescence
generation and Restaurative
, 37073 Gottingen, Germany.
.(Lewy Bodies) consist primarily of a-synuclein (a-syn) protein,
the main component of HD aggregates is a very large protein
named huntingtin (Htt). The areas of the brain that are initially af-
fected by these aggregates and the clinical symptoms are also dif-
ferent among the different neurodegenerative disorders [Reviewed
in [1–3]]. However, growing evidence indicates that the differences
between neurodegenerative disorders are not as clear as initially
thought and that there is substantial overlap among them.
Neurodegenerative disorders often show mixed features at all
levels [4]. Patients with movement disorders, such as PD and HD,
frequently develop dementia in intermediate or late stages [5].
Conversely, patients with a primary diagnosis of dementia can
show PD-like motor symptoms [6]. The differences between disor-
ders are even more blurred at the cellular and molecular level. For
example, a-syn was originally identiﬁed as the precursor of the
major non-amyloid component of AD plaques [7]. The depositionlsevier B.V. All rights reserved.
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characterized as tau-associated pathologies (tauopathies), such as
AD, Down syndrome, progressive supranuclear palsy, parkinson-
ism dementia complex of Guam and frontotemporal dementia
[8–11]. Conversely, deposition of tau has been observed in patients
with familial and sporadic PD, sporadic dementia with Lewy bodies
and multiple system atrophy and animal models of some of these
disorders [12–18].
The co-occurrence of aggregation-prone proteins might have
important pathological consequences. For example, Tau enhances
a-syn aggregation in vitro [15] and in cell cultures [19]. Likewise,
a-syn can promote amyloid b peptide aggregation in vivo [20]
and, triple transgenic mice for amyloid b peptide, tau and a-syn
show an enhancement of all three pathologies [21].
A decade ago, two independent groups showed that Htt inclu-
sions in patients and mouse models of HD are positive for a-syn
[22] and that over-expression of a-syn in human cells promotes
Htt aggregation [23]. To the best of our knowledge, these are the
only reports on the interplay between these two aggregation-
prone proteins. In the present work we employed the bimolecular
ﬂuorescent complementation (BiFC) assays we recently developed
[24,25] to visualize and study further the interaction between Htt
and a-syn in living human cells.
2. Materials and methods
2.1. Yeast strains, plasmids and growth conditions
We used Saccharomyces cerevisiaeW303 strain (MATa can1-100
his3-11, 15 leu2-3, 112 trp1-1 ura3-1 ade2-1) under standard growth
conditions. Cells were transformed with lithium acetate with
p426GPD-a-synuclein-YFP and p423GPD-huntingtin-CFP con-
structs [26,27]. Cells were maintained in SD-URA-HIS solid med-
ium and were grown up to mid log phase for epiﬂuorescence
microscopy analysis.
2.2. Cell cultures and plasmids
Human H4 glioma cells (ATCC HTB-148, LGC Standards,
Barcelona, Spain) were maintained and seeded as previously de-
scribed [24]. The development of wild-type (25Q) and mutant
(103Q) Htt-Venus BiFC plasmids was described in detail elsewhere
[24]. a-Synuclein-Venus BiFC plasmids were a kind gift of Dr.
Pamela J. McLean (Department of Neurology, Alzheimer’s DiseaseFig. 1. a-Syn co-localizes with Htt aggregates. (A) Yeast cells were co-transfected with a-
bar 2 lm. (B) H4 human glioma cells co-transfected with 103QHtt exon 1 tagged with f
localization of a-syn and mutant Htt in aggregates (white arrowheads). Scale bar 20 lmResearch Unit, Massachusetts General Hospital, MA, USA). Cells
were transfected with the different combinations of plasmids using
Fugene 6 transfection reagent (Roche diagnostics, Mannheim, Ger-
many) 16–24 h after seeding. Samples were collected or analyzed
24 h after transfection unless otherwise indicated. Toxicity assays
were carried out as described previously [24].
2.3. Flow cytometry
Cells were collected by trypsinization (5 min at 37 C), washed
once with PBS, and ﬁxed in 1% (w/v) paraformaldehyde in PBS
for 10 min at room temperature. Samples were analyzed by means
of a FACSCalibur ﬂow cytometer (Beckton Dickinson, Franklin
Lakes, NJ, USA). Ten thousand cells were analyzed per group.
Graphics and data analysis were carried out by means of the FlowJo
software (Tree Star Inc., Ahsland, OR, USA).
2.4. Immunocytochemistry and microscopy
Living cells were analyzed directly by wideﬁeld ﬂuorescence
microscopy (BiFC experiments, Figs. 2 and 3) or processed for
immunocytochemistry as described previously [28] (Fig. 1). The
following antibodies were used: Htt (1:100, Millipore, Billerica,
MA, USA), a-syn (1:100, Cell Signaling, Danvers, MA, USA), and
Alexa ﬂuor 488- and 568-conjugated secondary antibodies
(1:1000, Invitrogen Technologies, Carlsbad, CA, USA).
Cells were visualized, and pictures were taken, by means of an
Axiovert 200 M wideﬁeld ﬂuorescence microscope equipped with
a CCD camera (Carl Zeiss MicroImaging GmbH, Germany). Images
were analyzed and prepared for publication by means of the
ImageJ free software (http://rsbweb.nih.gov/ij/).
2.5. Immunoblotting
Proteins were extracted by scrapping cells directly from the
plates into lysis buffer. For denaturalizing conditions, the lysis buf-
fer was 0.1% Triton X-100, 150 mM NaCl, 50 mM Tris pH 7.4 and a
protease inhibitor cocktail tablet (Roche diagnostics, Mannheim,
Germany). For native conditions, the lysis buffer was 50 mM
Tris–HCl pH 7.4, 175 mM NaCl, 5 mM EDTA and a protease inhibi-
tor cocktail tablet (Roche diagnostics, Mannheim, Germany). Cells
were then sonicated and centrifuged at 10 000g for 10 min at
4 C. Supernatants were collected and the protein concentration
was quantiﬁed by the Bradford assay (Bio-rad, Hercules, CA,syn-YFP (in yellow) and wild type (25Q) or mutant (103Q) Htt exon 1 (in blue). Scale
ull length EGFP (in green) and non-tagged a-syn (in red). In both cases, there is co-
.
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acrylamide SDS–PAGE for denaturing conditions, or on miniProte-
an TGX 4–20% acrylamide gradient precast gels (Bio-rad, Hercules,
CA, USA) for native conditions. Proteins were transferred to PVDF
membranes for blotting with antibodies against Htt (1:1000, Milli-
pore, Billerica, MA, USA), a-syn (1:1000, BD Biosciences, San Jose,
CA, USA) and GAPDH (1:30000, Ambion, Austin, TX, USA) as indi-
cated in each case. Immunoblots were developed with enhanced
chemiluminescence reagents (Millipore, Billerica, MA, USA) and
exposition to autorradiographic ﬁlm.
2.6. Filter retardation assays
Cell lysates were obtained in native conditions, as described
above, and 100 lg of protein extracts were mixed with a 10% (w/
v) SDS solution to a ﬁnal SDS concentration of 1% (w/v). ProteinFig. 2. a-Syn oligomerizes and co-aggregates with Htt. (A) BiFC constructs. Both a-syn an
the V1-Linkr-a-syn construct, where a-syn was located in the C-terminus of the Venus 1
order to improve the ﬂexibility of the fusion protein and allow a-syn to interact with a-s
report. (B) There is production of ﬂuorescence with the different combinations of BiFC co
emit ﬂuorescence, as exempliﬁed by the 25QHtt-V1 construct. The a-syn pair of BiFC con
of BiFC constructs typically shows homogeneous ﬂuorescence in the cytosol, but rarely in
type or mutant Htt-V1 constructs are combined with the a-syn-V2 construct, the pattern
immunoblotting of total protein extracts under denaturing and native conditions. Cells tra
SDS-insoluble aggregates; cells transfected with the 103QHtt pair showed production o
103QHtt/a-syn pair showed a mixed phenotype between the 103QHtt pair and the a-sy
under denaturing conditions (SDS–PAGE).samples were loaded on a dot blotting apparatus and ﬁltered
through cellulose acetate membranes (0.22 lm pore; GE Water &
Process Technologies, Fairﬁeld, CT, USA) by vacuum. Cellulose ace-
tate membranes retain aggregates that are not soluble in SDS and
larger than 0.22 lm. After ﬁltration, slots were washed twice with
PBS plus 1% SDS. Detection of Htt was done by immunoblotting as
described above.
2.7. Statistics
All graphs show the average ± standard deviation of at least
three independent experiments. Statistical analyses were carried
out by means of the SigmaPlot 11.0 software (Systat Software
Inc., Chicago, IL, USA). Results were analyzed by means of a one-
way ANOVA followed by a Tukey post-hoc test. Statistical signiﬁ-
cance was accepted only when P < 0.05.d Htt exon 1 were located in the N-termini of the Venus halves, with the exception of
half. This construct also had a serine/glycine linker between Venus 1 and a-syn in
yn-V2. Constructs for both wild-type (25Q) and mutant (103Q) Htt were used in this
nstructs, suggesting that a-syn/Htt dimers were generated. Single constructs do not
structs shows homogeneous ﬂuorescence in all cell compartments. The 25Q Htt pair
the nucleus. The 103Q Htt pair of constructs shows cytosolic aggregates. When wild
resembles the corresponding Htt BiFC pairs. Scale bar, 20 lm. C, Filter trap assay and
nsfected with the 25QHtt or the a-syn BiFC pairs showed oligomeric species but not
f both oligomeric species and insoluble aggregates; and cells transfected with the
n pair. The expression levels of each construct were evaluated by immunoblotting
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3.1. Htt co-aggregates with a-syn and sequesters it in the cytosol
a-Syn co-localizes with Htt aggregates in HD patients and ani-
mal models [22], and we conﬁrmed this observation in both yeast
cells and H4 human neuroglioma cells in culture (Fig. 1). In order to
test whether these two proteins oligomerize in living cells in cul-
ture, we used a Venus-based BiFC assay. In this assay, Htt exon 1
and a-syn were fused to two non-ﬂuorescent halves of the Venus
ﬂuorescent protein (Fig. 2A). Heterodimerization of these proteins
would bring Venus halves together and reconstitute the functional
ﬂuorophore. This assay enables the differentiation of monomers
from dimers and oligomers, and these soluble species from larger
aggregates. Dimers and oligomers are undistinguishable by epi-
ﬂuorescence microscopy and, therefore, for the sake of simplicity,Fig. 3. a-Syn is a modiﬁer of Htt aggregation. A, Representative picture of cells transfec
B-D, Co-expression of a-syn with mutant Htt increases the percentage of cells showing
percentage of aggregates larger than 1 lm at the expense of aggregates smaller than 1 l
a-syn does not modify the toxicity of mutant Htt. ⁄Signiﬁcant vs the 25QHtt pair, P < 0.we use the term ‘‘oligomer’’ to refer to both species of soluble
aggregates.
Co-transfection of 25Q or 103Q Htt-V1 BiFC constructs with the
a-syn-V2 BiFC construct produced ﬂuorescence, demonstrating a
direct interaction between the two proteins (Fig. 2B). Cells
transfected with a pair of a-syn-Venus BiFC plasmids showed both
cytosolic and nuclear ﬂuorescence, as observed previously with
a-syn-EGFP BiFC plasmids [25]. Fluorescence was homogeneous,
suggesting the presence of a-syn oligomeric species throughout
the cell, and no large inclusions of a-syn were observed. On the
other hand, cells transfected with pairs of wild-type or mutant
Htt-Venus BiFC constructs showed generally cytoplasmic ﬂuores-
cence and the occurrence of large inclusions (Fig. 2B) [24]. When
Htt-V1 and a-syn-V2 BiFC constructs were combined, Htt clearly
oligomerized and aggregated with a-syn. Htt abolished the nuclear
ﬂuorescence that is typical of a-syn BiFC systems, stronglyted with the 103QHtt/103QHtt or 103QHtt/a-syn combinations of BiFC constructs.
aggregates (B), decreases the number of aggregates per cell (C), and increases the
m (D). E, The 103Q Htt pair is more toxic than the 25Q Htt pair, and the presence of
05; #Signiﬁcant vs the 103QHtt pair, P < 0.05. Scale bar, 20 lm.
F. Herrera, T.F. Outeiro / FEBS Letters 586 (2012) 7–12 11suggesting that Htt sequesters a-syn in the cytosol. Htt has a very
strong nuclear export signal in the ﬁrst 17 amino acids of its exon 1
[29], which is responsible for the normal cytosolic location of Htt
and could explain its ability to sequester a-syn in the cytosol.
While mutant Htt forms oligomeric species of variable size and
large SDS-insoluble aggregates, wild type Htt generates single-size
oligomeric species and no SDS-insoluble aggregates (Fig. 2C) [24].
The a-syn-Venus BiFC system produces a-syn oligomeric species
in native conditions, but it does not show large insoluble aggre-
gates in ﬁlter trap assays (data not shown). The combination of
mutant Htt with a-syn showed a mixed pattern of aggregation, be-
tween Htt and a-syn patterns. In particular, there is a decrease in
the levels of large Htt SDS-insoluble species versus the mutant
Htt BiFC pair, and a decrease in the amount of a-syn oligomers ver-
sus the a-syn BiFC pair (Fig. 2C).
In summary, these results strongly suggest that Htt exon 1 and
a-syn interact, form hetero-oligomeric species, and co-aggregate
in large inclusions. Theyalso indicate thatHttexon1anda-synmod-
ify their respective patterns of aggregation in each other’s presence.
3.2. a-Syn is a modiﬁer of Htt aggregation
a-Syn was previously reported to enhance Htt aggregation in
cells in culture [23]. In order to conﬁrm this observation in our cell
system, we transfected H4 cells with 103QHtt/103QHtt or
103QHtt/a-syn pairs of BiFC constructs and quantiﬁed the number
of cells displaying aggregates, as well as the number and size of
these aggregates. Fig. 3A shows a representative image of these
cells. The presence of aggregates was signiﬁcantly more frequent
in cells transfected with a pair of mutant Htt BiFC constructs than
in cells transfected with the wild-type counterparts (Fig. 2B). Co-
transfection of cells with mutant Htt-V1 and a-syn-V2 signiﬁcantly
increased the percentage of cells showing intracellular inclusions
(Fig. 3B), but it decreased the number of inclusions per cell to
approximately a half (Fig. 3C). The percentage of aggregates smal-
ler than 1 lm decreased signiﬁcantly (Fig. 3D). This decrease was
accompanied by an increase in the percentage of aggregates larger
than 1 lm, especially in those aggregates larger than 3 lm
(Fig. 3D). The increase in the average size of aggregates was asso-
ciated with a decrease in the number of aggregates per cell, sug-
gesting that a-syn promotes the aggregation of small and
medium-size aggregates into larger aggregates. These results indi-
cate that a-syn is a modiﬁer of Htt aggregation.
Whether the size, morphology and solubility of pathologic pro-
tein aggregates are related with their toxicity is still a matter of in-
tense debate [1–3]. Furthermore, synergistic co-aggregation of
proteins is frequently associated with an increase in their toxicity
[21]. In order to investigate if the modulation of Htt aggregation by
a-syn is correlated to changes in Htt toxicity, we analyzed the tox-
icity of different combinations of BiFC constructs (Fig. 3E). The
mutant Htt-Venus BiFC pair is more toxic than the wild-type pair,
as previously described [24]. The toxicity of mutant Htt was not
altered by the presence of a-syn (Fig. 3E).
In the present report, we present evidence indicating that a-syn
and Htt interact and co-aggregate. Our data also demonstrate that,
in our cell system, a-syn and Htt modify each other’s aggregation
pattern. Htt sequesters a-syn in the cytosol, makes it aggregate
(Fig. 2B), and decreases the levels of a-syn oligomeric species
(Fig. 2C). Conversely, a-syn promotes the generation of fewer lar-
ger inclusions (Fig. 3A), while increasing their solubility in SDS
and keeping the levels of Htt oligomeric species constant
(Fig. 2C). Growing evidence indicates that aggregation-prone pro-
teins can co-aggregate and have a synergistic neurotoxic effect in
different protein misfolding disorders, including many neurode-
generative disorders [7,13,20,21,30]. Previous reports showed that
a-syn co-localize with Htt in HD patients and mouse models of thedisorder [23], and that a-syn potentiates Htt aggregation in cells in
culture [22]. In spite of the potential interest for the treatment and
understanding of HD and PD, we are not aware of other published
studies on the interplay between these two aggregation-prone pro-
teins. Our results are consistent with these reports and provide an
insight into the consequences of the interaction between a-syn
and Htt at a cellular and molecular level.
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